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Abstract 
 
 This work investigates the effects of material hardness and feedrate on burr dimensions 
created in grinding processes. Once burr have been formed, macrographs are taken and burr 
length, height, and thickness is recorded. Correlations between material hardness and feedrate 
were not consistent from one burr dimension to the next. The unhardened workpieces produced 
the smallest burrs and the next smallest were found on workpieces in the 57-59 Rockwell C 
hardness scale. There is evidence of the material having an ideal hardness value for producing 
minimum and maximum burr size. 
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1.0 Introduction 
 
1.1 Objectives 
 
 
 The main objective of this project is to determine the effects of two independent 
variables, hardness and feedrate, on burr creation on parts of 440C stainless steel.  In order to 
complete this objective we needed to devise methods for repeatedly creating the burrs on 
specialized grinding apparatus, develop a procedure for modifying ht material hardness and 
determine how to best record, measure and characterize the burrs. 
 
1.2 Rationale 
 
 
When metal is ground, burrs are almost always formed.  Burrs are raised edges or 
material left behind after machining processes.  There are three different types of burrs: entrance, 
lateral and exit.  Entrance burrs form on the edge of material where the tool enters the workpiece.  
Lateral burrs form when the tool is larger than the material being ground.  It occurs on the side of 
the workpiece that is not directly in the path of the tool.  Exit burrs form on the last edge of the 
material where the tool exits the workpiece.  Height, thickness at the root, and length are 
common dimensions used to define sizes of burrs.   
Burrs can cause problems in operations if they are not properly removed.  Burrs can 
break off during the manufacturing process and get caught or jammed.  This is an issue for the 
company Stanadyne in their fuel injection pistons.  Each piston must form a seal with the valve 
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seat.  If a burr from the piston breaks off, the fuel injector may become jammed or the seal can 
be broken.   
When burrs fall off it can lead to weakening of the material.  The material at the base of 
the burr is already weakened by plastic deformation during burr formation.  During the process 
of plastic deformation, the material is stretched past the point of elastic deformation, where it can 
no longer return to its original shape and size.  If there is already a crack present in the material, 
the stretching will continue to increase the size of the crack eventually causing it to fracture.  
The cost associated with burrs is another problem manufacturers have to deal with.  
Identification and removal of burrs are the factors that lead to these costs.  They add no value to 
the final product and can be lengthy processes.  30% of the total cost of a part can be attributed 
to deburring processes (Gillespie,1979).  If a part requires a high level of accuracy, a small burr 
can make the part unusable.  If the part does not require a high level of accuracy, burr removal 
processes are not needed.  Therefore it becomes very important that studies such as these be 
completed to determine what causes burrs to form and what factors add to the increase in their 
size.   
 
1.3 State-of-the-art 
 
Research was completed in order to understand what is already known about burrs and 
the effects of feedrate and hardness.  Surprisingly, little information was found on the subject of 
burr formation in grinding.  Grinding is material removal by chip formation.  Other machining 
processes remove material and create chips, but not in exactly the same method as grinding.  
Grinding wheel grits are, simply put, many small machining tools cutting the workpiece.  We can 
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compare machining processes with grinding but we must keep in mind that there will be 
variations in results.  This is similar to materials used in other studies compared to our 440C 
stainless steel.  Even though there was little information available on burr formation in grinding, 
there was even less discussing the effects of material hardness.  Feedrate was abundant but the 
results are varied between sources. 
Feedrate and the wheel speed were analyzed by Marinescu in his “Handbook of 
Machining with Grinding Wheels” (Marinescu, 2007).  He states that when wheel speed is 
increased without increasing feedrate, efficiency is reduced.  When wheel speed is increased in 
the same proportion as feedrate is increased, the removal rate is optimized.  A process called the 
"size effect” is when the specific energy is reduced due to the increased feedrate.  The size effect 
results in increased chip size.  Rollover burrs, the type typically associated with grinding, are 
chips that did not break off of the workpiece and hang over the edge (Ko, 2001).  Therefore, if 
wheel speed and feedrate are increased, burr size is increased.   
In a study done by Toropov (2005), it was discovered that a suitable increase in feedrate 
under certain high rake angles will minimize the size of the burr.  Dimensions of the burr grow in 
a linear pattern as the feedrate is increased, but the overall growth is small.  Toropov concluded 
that feedrate does not have a big influence on dimensions of burrs.  For this study they used an 
aluminum alloy piece (Al6061-T6) of material.  Aluminum is a much more ductile material 
when compared to stainless steel.  It will be more easily compared to our unhardened samples 
than our hardened ones. 
In drilling processes, Stein (1997) discovered that when feedrate increases, burrs 
minimize to a certain point.  There is a minimum burr size that correlates to a specific feedrate.  
If the feedrate is increased past this point, the burr begins to enlarge in size again.  For this 
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experiment, Stein used a stainless steel similar to the material used in this project.  Though Stein 
uses drilling processes, the stainless steel may show a correlation to the results of this 
experiment.  Bakkal (2005) also worked with drilling processes, and found again that sharper 
drills at higher feedrates will reduce the burrs‟ size.  Even thought da Silva (2006) worked with 
face miling it too showed that higher feedrate produced the smallest burrs.   
Ko (2001) used multiple materials in drilling processes and he concluded that the burr 
thickness is independent of the feedrate.  He believed that the material properties had a larger 
effect on the burr thickness than feedrate.  This seems to contradict the findings of others above. 
 Gillespie (1981) stated that hard materials tend to reduce the size of burrs because the 
material is more likely to crack close to the cutting edge.  Ko (2001) performed a study using 
multiple materials and drilling processes, whose findings agreed with Gillespies‟.  Brittle 
materials form smaller burrs. 
Another aspect of this project comes in classifying the burrs created.  “Gillespie and 
Blotter classified machining burrs into four types according to their formation mechanisms, as 
follows: Poisson burr, roll-over burr, tear burr and cut-off burr.” (Lin, 2000)  The one most 
similar to this project is the roll-over burr, otherwise named a curl-type burr.  “The curl-type 
burr, which is the only burr seen in this project, is due to tool chipping which is so severe that the 
chip is pushed and bent over the edge.” (Lin, 2000)  They are most commonly created at the 
point where the tool, in this case being the grinding wheel, exits the workpiece.  Our tool only 
effects the workpiece at entrance and exit points.  This happens because the workpiece is slightly 
wider than the grinding wheel, meaning the sides were not ground by the wheel and no lateral 
burrs formed.  So it makes sense that our results only present us with this certain type of burr. 
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There are of course many other classifications of burrs, and many other factors that go 
into these classifications.  „The final geometry of the burr is determined by the amount of plastic 
deformation and the ductility of the material.‟ (Ko, 2001)  They also depend on different 
variables like the tools used to create them and the cutting conditions.  “Nakayama and Arai 
approached the classification of machining burrs by the combination of cutting edge directly 
concerned and the burr formation direction.” (Lin, 2000)  Stainless steel has five common burr 
types that form: knife-type burr, saw-type burr, burr breakage, curl-type burr, and wave-type 
burr.  “The knife-type burr is created by the pushing out of the uncut part when tool chipping has 
not occurred.  The saw-type burr is similar to the knife-type burr, but a small amount of tool 
chipping has occurred.  The burr-breakage is formed when a fracture causing separation of the 
burr occurs near the middle of the burr.  The curl-type burr is due to tool chipping which is so 
severe that the chip is pushed and bent over the edge.  The wave-type burr is due to stretching 
that the material undergoes when the burr is formed, which results in the length of the burr at the 
top being longer than the actual length of the edge machined, and therefore the burr is forced to 
take a wavy shape to be able to accommodate itself on a shorter edge length.” (Ko, 2001)  
 In summary, there is no standards for burrs and no one way to describe them.  This makes 
it difficult for any scientist or experimentalist to compare burrs against each other.   
 
 
1.4 Approach 
 
 As specified above there are theories of relations to feedrate and size of burrs.  In this 
project that theory was tested along with others.  They created a general relation of feedrate to 
burr size.  This project separates burr size into length, height, and thickness.  So instead of 
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having just one relationship, this project has three.  Hopefully this gives a deeper understanding 
of burr development.  Another experiment completed was the relation between hardness and the 
same burr dimensions.  Feedrate and hardness were therefore chosen as the two independent 
variables.   
 There have not been a lot of studies conducted on the relation of feedrate to the size of 
burrs, but hardness lacked greatly in background information.  There was hardly anything but a 
sentence about experiments others have done on hardness.  It was therefore thought as an 
interesting route to pursue to see if there was a correlation between hardness and burr size.  It 
was difficult to know exactly how to change the variable since there was no previous research to 
go on.  Using varying hardnesses and keeping all other variables constant, correlations could be 
made about hardness and burr size.  This is the approach that was taken. 
 
2.0 Methods 
 
This section will describe in detail the steps taken to achieve the objectives of the project.  
The results of these methods will be displayed and discussed in the next section. 
 
2.1 Create Burrs 
 
 A 1/2”x 1/2" x 2‟ bar of 440C stainless steel was used as the workpiece material.  The 
material was purchased from McMaster-Carr, located in Dayton, NJ.  This is a higher grade steel 
which was chosen in the beginning of the project because it was the same type used by 
Stanadyne.  When heat treated this becomes one of the hardest stainless steels and is most 
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commonly measured at Rockwell C 58 hardness.  With such a high hardness and low cost this 
steel is used for replica swords and knives, surgical instruments, chisels, valve seats and also 
commonly produced for razor blades.  Appendix D lists different mechanical properties for this 
type of steel.   
 
2.1.1 Preparing the Workpieces 
 
 The steel was cut into smaller sections ranging from 1.125” to 1.25” in length.  12 out of 
the 15 total workpieces were hardened at 1038°C for 15 to 60 minutes.  Workpieces 9, 10, and 
15 remained unhardened.  The pieces were grouped into three rounds containing four hardened 
pieces and one unhardened piece.  Before grinding, each workpieces‟ hardness was tested by 
way of a Rockwell C hardness test.  Each workpiece, their time in the oven, their individual 
hardness tests, and their average hardness values are displayed in Table 1.   
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Table 1: Hardness tests 1-4, average hardness values, and time spent in heat treatment for each workpiece 
Workpiece 
Tested Hardness Value (HRC) Time spent in 
Heat Treating 
(min) Test 1 Test 2 Test 3 Test 4 Average 
1 56.8 56.4 56.9 58.9 57.25 15 
2 45.5 59.6 61.3 59.2 56.4 15 
3 51.8 57.9 51 51.4 53.025 30 
4 58.4 54.6 60.8 60.4 58.55 30 
5 52.9 46.7 56.2 59.2 53.75 45 
6 58.1 58.8 51.1 59 56.75 45 
7 52.1 49.5 51.9 50.8 51.075 60 
8 42 54.4 43.3 50.3 47.5 60 
9 11.8 11.4 16.4 18.1 14.425 0 
10 17.9 14.8 19 19.6 17.825 0 
11 56.2 51.7 56.4 57.6 55.475 15 
12 53.3 59.5 59.2 56.4 57.1 30 
13 58.2 58.7 59 58.7 58.65 45 
14 55.2 58.4 58.2 58.6 57.6 60 
15 14.5 14.8 18.9 18.3 16.625 0 
16 18.7 19.4 18.1 19.7 18.975 0 
  
 
Figure 1 : Measure HRC values for each workpiece 
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Figure 2: Duration of Workpieces in the Heat Treating oven compared to their average HRC values 
 
2.1.2 Grinding Process 
 
 The grinding was done on a Hahn Force Adaptive Grinder (Hahn Engineering Inc, 
Auburn, MA).  The grinding wheel was a 3SG80-MVS, 7x1/2x1-1/4, made by Saint Gobain.  
The dressing wheel is a 20mm wide reverse plated diamond roll wheel.  The grinding wheel was 
dressed before each round of workpieces was ground.   
 The dress cycle used was a straight plunge dress with the grinding wheel at a speed of 
3600 rpm and the dressing wheel at a speed of 600 rpm.  The depth of dress was 500 µm.  
Valcool VNT800 was used as coolant for all grinding processes. 
 Each workpiece was held in place with a basic C clamp.  For all workpieces, the x error 
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was programmed in for 3 seconds.  Round 1, which included workpieces 1, 3, 5, 7, and 9, was 
ground with a feed rate of 2500 µm.  Round 2, which included workpieces 2, 4, 6, 8, and 10, was 
ground with a feed rate of 1000 µm.  Round 3, which included workpieces 11, 12, 13, 14, and 15, 
was ground with a feed rate of 4000 µm.   
Smaller wheel speeds were attempted during testing but when grinding, the material was too 
hard for the wheel, causing it to stop.  The lowest speed that the wheel successfully ground at 
was 3600 rpm which happened to be the max wheel speed the machine could grind at.   
 
 2.2 Record Burrs 
 
A PixeLINK Mega pixel Fire Wire camera, model PL-A642 with 2/3 inch CMOS Image 
Sensor, and a 13X zoom lens was used to capture macrographs of the burrs.  The camera‟s 
fixture includes a stage with a vertical and horizontal slide for small incremental movement of 
the workpiece.  Each workpiece was placed on the stage and centered in front of the camera.  An 
independent light source was positioned individually for each workpiece to maximize the quality 
of the burr macrograph.  PixeLINK Capture OEM release version 6.21 was used to take the 
macrographs.  Each macrograph was taken at a 1280x1024 pixels size.  Three macrographs were 
taken for each burr before the workpiece was replaced by the scale and its macrograph was taken 
at the same zoom level.  On select pieces, entrance burrs were visible as well and these were 
recorded in cases where they were present.  GIMP version 2.4.4 is a GNU image manipulation 
program which allowed the macrograph of the scale to be superimposed onto the macrograph of 
the burr while keeping both in proportion with each other.  This gives us the ability view the 
burrs with the correct scale on the same image.   
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2.3 Measure and Analyze Burrs 
 
The length, height and thickness of each burr was measured using its unique macrograph 
and scale.  The thickness recorded was taken at the base of the burr (T).  In most cases the burr 
was curled upon itself, so the length was measured along the curls (L).  The height recorded was 
measured from the base of the burr to the furthest point from the base.  (H) 
 
Figure 3 : Burr Measurements 
 
The measurements are collected in Table 2.  The analysis of the burrs and measurements are 
reported and discussed in the Results and Discussion sections. 
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Table 2: Workpiece Feedrate and Hardness and Measured Burr Dimensions 
Workpiece Length (mm) Height (mm) Thickness (mm) Feedrate (µm/min) HRC
1 0.385 0.25 0.1325 2500 57.3
2 (exit 1) 0.79 0.66 0.105 1000 56.4
2 (exit 2) 0.94 0.815 0.1075 1000 56.4
3 0.36 0.365 0.155 2500 53.0
4 0.2175 0.2175 0.0525 1000 58.6
5 2.61 0.94 0.36 2500 53.8
6 1.49 0.685 0.16 1000 56.8
7 1.73 0.97 0.26 2500 51.1
8 0.8225 0.39 0.0675 1000 47.5
9 (entrance) 0.225 0.145 0.0625 2500 14.4
9 (exit) 0.66 0.26 0.03 2500 14.4
10 0.68 0.46 0.21 1000 17.8
11 0.71 0.52 0.9 4000 55.5
12 0.325 0.2 0.07 4000 57.1
13 0.565 0.365 0.265 4000 58.7
14 0.64 0.45 0.095 4000 57.6
15 0.835 0.275 0.12 4000 16.6  
 
 
Figure 4 : Length, Height, and Thickness of each burr vs the workpieces’ HRC 
 
0
0.5
1
1.5
2
2.5
3
1
4
.4
1
4
.4
1
6
.6
1
7
.8
1
9
.0
1
9
.0
4
7
.5
5
1
.1
5
3
.0
5
3
.8
5
5
.5
5
6
.4
5
6
.4
5
6
.8
5
7
.1
5
7
.3
5
7
.6
5
8
.6
5
8
.7
B
u
rr
 D
im
e
n
si
o
n
s 
(m
m
)
Hardness (Rockwell C scale)
Burr Dimensions vs. the Workpiece HRC Value
Burr Length
Burr Height
Burr Thickness
18 | P a g e  
 
3.0 Results 
 
 The results of each grind are shown in Table 2.  Entrance burrs were found on 
workpieces 9 and 16 only.  On workpiece 2, two distinct burrs were capture on camera.  Both are 
measured and displayed in the table.   
 
 
 
 
 
Figure 5 : Workpiece Hardness vs.  Burr Length 
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Figure 6 : Workpiece Hardness vs.  Burr Thickness 
 
 
 
 
 
Figure 7 : Burr Length vs.  Workpiece Hardness 
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Figure 5 plots the hardness of each workpiece against the length of the exit burr found on it.  
Figure 6 plots the hardness of each workpiece against the thickness of the exit burr found on it.  
Figure 7 plots the hardness of each workpiece against the height of the exit burr found on it.  
They are all organized by feedrate.  The unhardened workpieces are easy to identify in Figures 
5–7, but the hardened pieces are clustered.   
The pieces were organized into hardness ranges; 47 to 53, 54 to 56,  57 to 59, and 
unhardened (14-20).  For each range, the mean thickness, height and length of the burrs were 
calculated.  The results are shown in Table 3. 
Table 3: Mean Length, Height, and Thickness for each Hardness Range 
 
Hardness Range Mean Length Mean Height Mean Thickness
14-20 0.5533 0.2750 0.0992
47-53 1.3806 0.6663 0.2106
54-56 0.9825 0.6700 0.3181
57-59 0.4265 0.2965 0.1230  
 
 When these mean values are plotted against the hardness ranges, which is shown in 
Figure 8.  All dimensions seem to progress along a curved path. 
 
 
Figure 8 : Mean Burr Length, Height, and Thickness vs.  Hardness ranges 
 
0.0000
0.5000
1.0000
1.5000
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
B
u
rr
 D
im
e
n
si
o
n
s 
(m
m
)
HRC
Hardness Range vs. Mean Burr 
Dimensions
Mean Length
Mean Height
Mean Thickness
21 | P a g e  
 
In order to learn more about the effects of feedrate, each length, height, and thickness 
measured was plotted according to what feedrate was used to create it.  Figures 9–11 show this 
data. 
 
Figure 9 : Burr Length compared to the Feedrate used to create it 
 
 
Figure 10 : Burr Height compared to the Feedrate used to create it 
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Figure 11 : Burr Thickness compared to the Feedrate used to create it 
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Figure 12 : Mean Burr Length, Height, and Thickness compared to Feedrate 
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smallest burr lengths were found on the hardest pieces.  The largest burr lengths were found in 
the 47-53 HRC range.  Unlike when comparing with feedrate, two of the burr dimensions 
followed the same general path in their hardness values.  Burr height and thicknesses were 
largest and smallest at the same hardnesses. 
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4.0 Discussion 
 
In our experiments we found that burr thickness is the only dimension that shows an 
overall increase as feedrate increases.  This is consistent with Marinescu which says that burr 
size will increase with the increase of feedrate and wheel speed (Marinescu, 2007).  Ko (2007), 
when completing tests with high wheels speeds found contradicting information.  His burr 
heights were smaller than when tested at medium or slower speeds.  In our experiment, wheel 
speed was kept constant at the maximum level, and we found that the thickness was increased 
but burr height and length showed an overall decrease as feedrate increased.  Our data agrees and 
disagrees with both sources. 
Da Silva (2006) used face milling processes and saw a decrease in burr size as feedrate 
increased.  Toropov (2005) also found that when feedrate increases burr sizes are minimized but 
he included high rake angles in his experiment.  It would take much more experimental work to 
determine the rake angles of the grits on the grinding wheel and therefore we cannot say with 
certainty whether or not the rake angle was high or low.  It is possible that the rake angles played 
a part in the increase in burr height and length.  In drilling processes, Stein (1997) found that 
with the increasing feedrate, the burr sizes decrease to a point and then begin to increase again.  
The length seemed to show the opposite effect, increasing and peaking at the medium feedrate 
and reducing after.  The height may be following this path, if higher feedrates were used it may 
well be that the height would bottom out at a certain point.   
Because Stein (1997) used drilling, his findings are going to be different from ours but 
they may still have similarities.  Bakkal (2005) also used drilling processes and he found that 
higher feedrates and sharper drills create smaller burrs.  We were unable to test the sharpness of 
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our wheel but attempted to keep it sharp with dressing cycles between each group of workpieces.  
If we had not done this, our burr results might have been larger.   
Bakkal believed that a materials‟ properties had a much larger effect on the burr thickness 
than feedrate does.  Toropov (2005) also concluded that feedrate alone did not have a big 
influence on the dimensions of burrs.  Since each burr dimension reacted differently to the 
increased feedrate, we agree with this fact.  When analyzing the results, burr dimensions versus 
hardness began to show a trend whereas burr dimensions versus feedrate did not show any 
consistent trends. 
Gillespie (1981) and Ko (2001) performed studies whose findings were that harder 
materials have smaller burrs.  The smallest burrs we found were on the softest workpieces, this is 
contrary to Gillespie and Kos‟ findings.  Even if the unhardened material is ignored, burr length 
is the only dimension that follows this path, reducing as the hardness increases.  Both thickness 
and height have peaks in the middle, 54-56 HRC, range.  It is possible that the 440C stainless 
steel has a specific hardness to maximize or minimize the size of the burrs created on it.  More 
experimentation could discover this point. 
 
 
5.0 Conclusions 
 
1. The effects of increased feedrate were not consistent from one burr dimension to the next.   
2. Unhardened pieces created the smallest burrs. 
3. The next smallest burrs are created  by Rockwell C hardness 57-59. 
4. There is an ideal hardness value for minimizing and maximizing the size of burrs for 
individual materials. 
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6.0 Design of a Coolant Supply System 
 
 During the grinding process, material is removed by chip formation. As the stress 
between the wheels‟ abrasive grain tips and the workpiece surface builds up, a plastically 
stressed zone is created on and around the contact area. As the stress increases due to the grain 
dragging across the workpiece surface, the plastic zone fractures and the chip formation begins. 
The grains themselves are also affected by the stress created in grinding. The grain tips slowly 
wear down due to the stress and the heat created by conduction in the grinding process. When the 
grains are flat, contact area between the wheel and the workpiece is increased. This means that 
the force must be increased to keep the removal rate the same. The flat grains are still affected by 
the thermal effects of grinding even though they are not helping in the chip formation process. 
The flat grains heat up and eventually fracture themselves, leaving sharper grains (Hahn, 1966).  
According to Schey (1983), the temperature rise due to frictional forces can be several 
hundred degrees C. Lefebvre (et al. 2008) recorded temperature rises over 900°C. This is such a 
high number because the work required to overcome friction in grinding is high and it is 
transformed immediately into heat and transferred into the workpiece surface. Lefebrve recorded 
normal and tangential forces in surface grinding and calculated 47 J/mm
3
 of specific energy in a 
single grinding process. Snoeys (et al. 1973) found that 60-95% of the total consumed energy is 
instantaneously transferred into the workpiece. A larger amount of material removed at a time 
will lower that percentage. A blunt wheel or one with many flat grains increases that percentage. 
Snoeys (et al. 1973) based their research off of Jaeger‟s Thermal Model which states that there 
are three fundamental physical qualities that determine the temperature rise during grinding; heat 
input and distribution, real contact length, and thermal characteristic of the material.  
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The heat input is conduction at the contact area as the grinding wheel passes. The heat 
penetrates into the material. How far it penetrates depends upon the grinding conditions and the 
material characteristics. Figure 13 shows a typical temperature vs. distance from contact area 
graph. The layers of material closest to the contact area are the hottest. There is a small lead 
distance where the temperature rise begins, it then peaks at the contact area and levels off as the 
wheel passes. 
 
Figure 13: The Temperature of the material vs. the distance from the heat source (Snoeys et al. 1973) 
The contact area can be defined specifically as the real contact length. It is a function of the 
wheel topography and dimensions. The real area of contact is area of the grains which contact 
the workpiece at a given time (Snoeys et al., 1978). This number can vary greatly from one 
grinding setup to the next. The final part to Jaeger‟s Model is the material characteristics such as 
thermal conductivity and specific heat which can all be found in databases. 
 Many other parts of the grinding process not mentioned in Jaeger‟s Model are believed to 
affect the thermal aspects of grinding. The geometry of the workpiece can play a role in the 
maximum temperature reached during grinding as well as the heat distribution. Specifically, 
28 | P a g e  
 
Snoeys (et al.) point out that water based coolants can, theoretically, reduce the maximum 
grinding temperature by 20 to 40%. Sluhan (1970) completed experiments to determine the 
usefulness of water miscible grinding fluids. In multiple case studies, Sluhan received reports of 
an increase in tool life of 15% or more with the use of the water miscible fluids. These fluids 
work as both a lubricant and a coolant.  
In grinding, fluids will work as a lubricant, coolant, or both. A lubricant reduces the 
friction forces between the wheel and workpiece and in turn reducing the conduction created. 
With the use of lubricants, power consumption is reduced since less effort is needed to overcome 
the effects of friction (Schey, 1983). This is another way that lubricants reduce temperature rise, 
if less power is put into the system to begin with, less will be available to be converted to heat. 
Coolant stops the temperature from rising as high, but it does not prevent the conduction from 
happening (Springborn, 1967). Coolant must be brought directly into the contact area for any 
significant difference to be seen (Snoeys et al, 1978). The cooling effects of a coolant increase 
proportionally with its specific heat (Springborn, 1967). The use of either, lubricant or coolant, 
show increased tool life in many studies. They also improve the surface finish by removing 
debris on the surface (Schey, 1983).  
When considering the Hahn grinder and the experiments completed within this project, 
the grinding fluid was not a main focus. Only one grinding fluid was available at the time and 
due to time constraints, the fluid delivery system was not paid much mind. The flow of grinding 
fluid for our experiments is shown in Figure 14. The fluid starts in a holding tank and is pumped 
to two flexible tubes that are mounted to the spindle. The tubes are aimed at the contact area of 
the wheel and move with the spindle to minimize reset time when switching out parts. Once the 
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fluid flows out of the tubes, it falls into the fluid collection area which is pumped back into the 
holding tank. 
 
Figure 14 : Fluid flow through the Hahn grinder  
The fluid and its delivery system are not necessarily the optimal setup for the Hahn grinder. By 
theoretically redesigning the system, it may be possible to increase the efficiency of the grinder 
and reduce wasted time and efforts.  
To begin the re-designing process, we will look at the problem with an axiomatic design 
method (Brown, 2006). The customer, who is the operator, needs a method of reducing the 
thermal effects in grinding processes with the Hahn grinder. A list of functional requirements 
(FR) was created from this list and organized in a vertical hierarchy as shown in Figure 15. 
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Figure 15 : Function requirements 
From these functional requirements, design parameters (DP) were determined. They were also 
organized in a vertical hierarchy shown in Figure 16. 
 
Figure 16 : Design Parameters 
Axiom 1 states that all aspects should be independent and changeable in order to avoid iteration 
and consequences (Brown, 2006). Immediately an area for improvement is identified. By making 
the fluid collection tank and the fluid holding tank one and the same, an unneeded step is 
avoided. Other improvements are not as obvious. One by one the DPs and FRs will be addressed 
and process variables (PV) will be determined for each. 
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The first FR to be addressed is selecting a grinding fluid. The process to be taken to 
complete this will be assessing research and suggestions made in previous works. According to 
Springborn (1967), fluids should be chosen based on compatibility, acceptability, and 
machinability. He classifies grinding fluids into three main categories; cutting oils, water 
miscible fluids, and chemical fluids. For stainless steels in grinding processes, Springborn 
suggests sulfo-chlorinated mineral or lard oil or honing oil.  Schey (1983) suggests oils for 
processes with stainless steels and states that chlorine additives are necessary but should be 
washed off for fear of corrosion. Sluhan (1970) compared water miscible fluids to oils in 
grinding processes and found they both increased the tool and wheel life, but oil was more 
effective and increasingly so with higher concentrations. Lansdown (2004) focused specifically 
on the lubricant side of fluids and he suggests a water-based emulsion combination with 
additives such as chlorine or sulphur for rust prevention and maintaining the fluid itself. From 
these suggestions, an oil based coolant that contains chlorine and sulfur additives is the best 
choice for our process. 
There is an unlimited list of fluid options in grinding processes and the choice of which to 
use depends on the material being ground and the goals of the grinding process. For our 
purposes, the grinding fluid would have to work as both a coolant and a lubricant. Any other 
additives will be assessed but are not required. The Harry Miller Corp. is one of the biggest fluid 
producing companies and manufactures metalworking fluids, cleaners, and additives. They 
produce 14 different fluids for grinding processes alone. The Hamikleer 1995 is the best coolant 
for the grinding processes we completed. 
“Hamikleer® 1995 is a bio-resistant synthetic machining and grinding 
lubricant/coolant for ferrous and non-ferrous metals. It is extremely low foaming, which makes it 
useful in operations where foam control is essential, such as double disc or plunge grinding, or 
high speed machining. It provides lubrication needed for moderate to heavy duty machining 
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operations, such as turning, drilling, reaming, broaching, boring and tapping. It is non-staining to 
non-ferrous metals, (e.g., copper alloys and aluminum), contains extreme pressure friction 
reducing lubricant additives, and provides good lubrication and rust protection to steel. 
Hamikleer® 1995 has a liquid residual film, which keeps machinery parts moving, and has 
excellent wetting to keep swarf and fines from depositing on machinery, and enabling them to 
settle out quickly in central sumps. It rejects contaminants such as most tramp oils and is highly 
bacterial resistant, which extends sump life of central and individual systems.” (Harry Miller 
Corp.) 
From the description of the Hamikleer 1995, you can see the different concerns that would arise 
when selecting a grinding fluid. It is well suited for our purposes though it would be possible to 
use a lower quality, cheaper fluid that does not contain as many “perks” such as the rust 
protection which is not as important when using stainless steel. The Hamikut 1937-A is a simpler 
and cheaper alternative. 
“Hamikut® 1937-A is a medium-duty, soluble oil containing extreme pressure 
additives used for machining and grinding ferrous and non-ferrous metals, including zinc. It 
provides extremely good emulsion stability and is highly tolerant to other contaminants typically 
carried into emulsions from prior operations.” (Harry Miller Corp.) 
It does not contain rust inhibitor so it cannot be used with as wide a variety of materials as the 
Hamikleer 1995. It also does not boast of bacterial resistance which can extend the life of the 
fluid and the parts in the grinding system. There are trade offs for all grinding fluids, but for our 
particular process I would suggest the Hamikleer 1995 fluid if funds allow, or the Hamikut 1937-
A. 
The next FR is the system of supplying this fluid to the working area. The first step is 
taking the fluid from the tank. Centrifugal pumps are common and would complete the task. 
Springborn (1967) states that six different fluid application methods exist; flood, mist, high 
pressure, high velocity jet, hand, and immersion. For grinding processes with stainless steel, he 
suggests the flood technique which is a low pressure, high volume application of the fluid to the 
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working area. All sources agree on this fact, flooding the contact area is the best way to optimize 
the grinding fluids. The more coverage the fluid has on the area, the more the coolant and/or 
lubricant will show its effects. A T-tool is a combination milling and grinding wheel. For these 
tools, the working fluid can flow directly through the wheel and onto the contact area (Webster, 
2004). This is the most efficient method of fluid delivery since it is always aimed correctly and it 
reaches the exact spot where the fluid is needed. Unfortunately this technology is not available 
for the Hahn grinder and so flooding is the next best technique. The original setup consists of 2 
application tubes, but I believe a third will be required for maximum fluid coverage. Springborn 
(1967) gives a minimum volume rate of 3 gal/min per nozzle for flooding. This means that the 
total flowrate must be at least 9 gal/min or 0.02005 ft
3
/s. This value is the first constraint.  
If a tube of inner diameter 0.5” is used, the minimum pump exit velocity can be 
determined. 
𝑉 =
𝑄
𝐴
 
𝐴 =  
𝜋
4
𝐷2 
The cross sectional area is found to be 0.001364 ft
2
. With this value, the minimum exit velocity 
is 14.7 ft/s. From this velocity we can determine the required dimensions of the centrifugal 
pump. To be sure that the minimum flowrate constraint is cleared, the dimensions will be 
calculated with an exit velocity double the minimum value (30 ft/s) and therefore a flowrate of 
0.04096 ft
3
/s.  
 A centrifugal pump consists of an impeller and a casing. The impeller is made of curved 
blades arranged around a shaft. The fluid is drawn in by the impellers at the eye. The main 
dimensions of a centrifugal pump are the inner radius of the blades, the outer radius of the 
blades, and the blade height. Figure 17 shows the variables that will be used.  
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Figure 17 : Dimensions and velocity diagram of a centrifugal pump (Munson, 2006) 
The exit velocity of a fluid through a centrifugal pump can be defined through vector addition. 
 
Figure 18 : Vector composition of V2 
Where: 
𝑉2 = 𝑉𝜃2𝑐𝑜𝑠𝛼 + 𝑉𝑟2𝑠𝑖𝑛𝛼 
𝑉𝑟2 =
𝑄
2𝜋𝑟2𝑏2
 
𝑉𝜃2 = 𝑈2 − 𝑉𝑟2𝑐𝑜𝑡𝛽 
𝑈2 = 𝑟2𝜔 
In an example of centrifugal pumps, the angle β is shown to be 23° (Munson, 2006). For our 
pump we will assume a similar value, 25°. Angle α appears to be a bit smaller than β, it will be 
estimated as 20°. The ratio of b2 to r2 will be approximated at 0.1. Graymills Corp. is a producer 
of industrial pumps and their pumps generally come in two speed options, 1725 or 3450 RPM. 
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These speeds will be used to calculate ω. By taking all this into account and combining the 
equations above, we can solve for r2 with a slow or quick rotation rate. 
𝑉2 =  𝑟2 𝜔 −  
𝑄
2𝜋𝑟2 0.1𝑟2  
 𝑐𝑜𝑡𝛽 𝑐𝑜𝑠𝛼 +  
𝑄
2𝜋𝑟2 0.1𝑟2  
 𝑠𝑖𝑛𝛼 
 Using the slower rotation rate, r2 is found to be 0.1945 ft or 2.3 in and b2 is found to be 
0.23 in. Using the faster rotation rate, r2 is found to be 0.1134 ft or 1.36 in and b2 is found to be 
0.14 in. The faster pump will be smaller but take up more power. The size difference is not 
drastic enough to cause any concern. The slower pump will be adequate for our purposes. 
 
Figure 19 : Selected pump dimensions and speed 
 
The problem of the newly combined holding/collection tank must now be addressed. As 
is, the collection tank is much wider than the holding tank. It may be so wide that the fluid does 
not centralize quickly enough at the pump to keep continuous flow through the dispersment 
system. If there is not enough fluid for the pump to pull in then air will get into the pipes and the 
flowrate will not be adequate. One solution to this problem is to increase the amount of fluid 
rotating through the cycle. The machine will not be pumping much more out of the tank but the 
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fluid level will be higher and assure that there is always fluid available to the pump. 
Unfortunately, this means that more fluid will be in the machine and vulnerable to 
contamination. A larger quantity will need to be replaced each time the fluid must be changed. 
This can increase cost substantially.  
Another solution would be to add collection walls to decrease the area in which the fluid 
collects. This is shown in Figure 20. 
 
Figure 20 : Front view of proposed collection/holding tank 
By adding slanted ramps leading toward a reasonable sized collection/holding tank, the fluid can 
be centralized around the pump and the flowrate will remain consistent. The used fluid will fall 
from the grinder mechanism, on to the slanted walls, and finally flowing through a sifter and into 
the tank to be pumped back into the grinder again. A sifting cover must be present over the tank 
to remove any chips large enough to interfere with the pump. It should be cleared periodically. If 
this configuration is used, all cracks must be sealed well to prevent fluid from leaking through.  
To protect the pump motor, which is located above the actual pump in its casing, one wall would 
extend over the pump. A top and side view is shown in Figure 21. 
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Figure 21 : Top and side views of collection/holding tank 
The opening in the back where the pump is located could be used to safely provide power to the 
pump and for transporting the fluid.  
 The next FR to be addressed is the problem of transporting the fluid from the pump to the 
exit point at the front of the grinder. The most straight forward approach is a tube or pipe 
connected to the pump at one end and attached to the front of the grinding setup at the other. For 
the previous velocity calculations, a 0.5” inner diameter tube was assumed. This will be the 
diameter of the transport tube. A general plastic tube that will not react with the chemicals in the 
fluid can be used. The tube will travel up the back of the grinder. There is space in the back of 
the grinder to pass the tube through.  
 
Figure 22 : Fluid transportation path (side view) 
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 For the final FR, exit points must be designed for the fluid. It has already been 
determined that three exit points will maximize the fluid coverage. The positioning of the fluid 
exits should be as shown in Figure 23. 
 
Figure 23 : Position of exit points for fluid (top view) 
One should be located each end of the workpiece and a third should be right above the contact 
area. This will provide maximum fluid coverage of the contact area. Each of the three exit pipes 
should be mounted to the spindle and extend down. 
 
Figure 24 : Positions of exit pipes 
The length of the tube from the tank to the spindle will be approximately 5 ft and the end point 
will be 4 ft higher than the starting point. Velocity will be lost during the fluids‟ travel up the 
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pipe. By sizing the opening of the exit appropriately, the original velocity can be returned to the 
fluid. 
  To determine the difference in velocity, Bernoulli‟s equation will be used. 
𝑝1
𝜌
+
𝑉1
2
2
+ 𝑔𝑧1 =
𝑝2
𝜌
+
𝑉2
2
2
+ 𝑔𝑧2 
It is assumed that the fluid will have a lower density than water and then mixed at approximately 
4-6%. The density will be estimated slightly lower than that of water at 60 lb/ft
3
. V1 is the 
velocity upon exiting the pump. z1 is 0 and z2 is 4 ft. There are three variables left undefined, we 
will address them one at a time. 
 p1 is the pressure leaving the pump. Assuming an ideal pump, ideal head loss  
ℎ𝑖 =
𝑈2𝑉𝜃2
𝑔
 
and actual head loss  
ℎ𝑎 =  
𝑝2 − 𝑝1
𝛾
+ 𝑧1 − 𝑧2 +
𝑉2
2 − 𝑉1
2
2𝑔
 
are equal. Initial velocity is 0, final velocity is 30 ft/s, initial pressure is atmospheric pressure, 
initial height is 0, final height is approximately 1 ft and  
𝛾 = 𝜌𝑔 
The resulting equation is as follows: 
𝑈2𝑉𝜃2 =
𝑝2 − 𝑝1
𝜌
+ 𝑔 𝑧1 − 𝑧2 +
𝑉2
2 − 𝑉1
2
2
 
From this, the pressure of the fluid when exiting the pump is found to be 560 psi.  
At such a high pressure and velocity, it can be assumed that the change in velocity and 
pressure over the 5 ft of tubing will be negligible. To ensure that the velocity is high enough as 
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the fluid exits the tubing, a nozzle can be placed at each exit point. Because flowrate is constant 
throughout the fluid system, the following statement is true: 
𝑉1𝐴1 = 𝑄 = 𝑉2𝐴2 
 
Figure 25 : Nozzle dimensions 
If V1 is slightly lower than we wish V2 to be, than decreasing A2 will raise it. With a tube 
diameter of 0.5 in, A1 is 0.001364 ft
2
. Only a slight decrease is necessary and A2 will be 
estimated at 0.001 ft
2
 meaning a diameter of 0.428 in.  
 All values are estimated and only a prototype will tell how accurate the dimensions and 
calculations are. There are always unforeseen issues when designing anything. The best approach 
is to keep the customers‟ needs in mind and continuously check your progress against it. I 
believe that with the grinding fluid and fluid delivery system described in this chapter, efficiency 
will be maximize and the thermal effects of grinding will be minimized. 
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Appendix A: 
 Problems that occurred during project 
 
The final analysis of this project is not as thorough as originally intended.  There were 
many issues that had developed over the course of this work that changed the beginning scope to 
the final result.  Although the result of this project was a complete analysis, it did come with 
many problems.  Listed below are the major issues that arose in each component of this project. 
This work originally started with a whole different project scope than what currently 
exists.  When first beginning this project the initial objective was to work with a company named 
Stanadyne who was having issues with burrs during production.  Their company created pistons 
to run in certain parts, but when machining these parts, burrs would form and break off.  During 
process these burrs would cause interference and produce many issues for the company.  
Therefore the project scope consisted of finding relationships between grinding and the creation 
of burrs as well as finding ways to detect and remove the burrs.  This proposal changed because 
of lack of funding and equipment in the lab.  The next step was to change the proposal, so it was 
decided the work would now consist of finding variables that can create burrs and affect the size 
and shape of them.  Also, time permitting; see if there was a way to minimize them.   
The machine that was used during this project was a Hahn Force Adaptive Grinder (Hahn 
Engineering Inc, Auburn, MA).  This grinder was cause of a lot of the delay experienced with this 
work.  The main issue arising in the beginning was the creator of the machine and the experienced 
person, Robert Hahn, had just recently decided to not return to WPI and there was no one readily 
available who knew how to operate the machine.  There were others in the lab that had experience 
with this grinder as well but because of the lack of funding, their time needed to be concentrated to 
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other projects.  Ryan St.  Gelais, who recently graduated and worked on this grinder for his own 
MQP was soon contacted to aid in this work.  It was hard to have a consistent meeting time with him 
though because he had his own job that came first.  Even with his guidance though the grinder was 
difficult to figure out, and took much time away from possible work.  The main issue was 
understanding and controlling the code of the machine.  There was not a lot of knowledge of code 
work in the group, so it was difficult to understand what the code was saying and what needed to be 
changed.  Finally it was able to be determined what parts of the code needed to be worked on.  
Feedrate, x error rate, and x stock allowance are the parts of the code that needed to be altered.  
Different values were tried but there was a lack of consistency in the machine.  After much trial and 
error the correct code was finally found, and the correct variables were controllable. 
The material we used for this project was a 1/2”X 1/2" X 2‟ bar of 440C stainless steel.  
This material needed to be hardened in order to produce certain results for this project.  Ovens 
were used in order to harden the material, but it took longer than intended because only one of 
the ovens was functioning correctly instead of all three.  The other two either did not get hot 
enough or didn‟t stay at a constant temperature.  So hardening the material took more time than it 
should have. 
After the oven, the material needed to be hardness tested to get the exact value of each 
sample.  Hardness testers were used in this process, but what was found when measuring initially 
is after the first measurement of the material the calibration didn‟t seem to be reading what it 
should have.   
Once the grinder was up and running the next step was to grind the samples and use 
software called „Spider 8‟ to measure the force of the wheel on the part as it was grinding.  The 
force was going to be used as another variable to analyze versus the size and location of burrs.  
This software was hooked up directly to the grinder and as the wheel touched the material it 
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would take measurements every second on what the force was.  There were two major issues 
with Spider 8; the first came up when taking measurements.  At first the results produced on the 
computer weren‟t showing what was speculated.  The graph was showing inconsistent readings 
and needed to be adjusted before the results could be recorded.  The other issue arose in 
transferring the results from the software to a form that could be understood and analyzed.  
These issues came toward the end of the process and because it seemed to be holding the project 
back even more it was decided that the force variable would be dropped.  In the end it was 
confirmed that force would only be an uncontrollable variable, and wasn‟t something that could 
be altered in order to produce different results.  So it didn‟t hurt the project to drop this variable. 
Once all these issues were worked out the project was finally able to get underway.  In 
the end our variables got narrowed down to feedrate and hardness of the material.  These were 
the best variables to change that would produce the most significant change. 
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Appendix B: 
 
Research Obsticles 
Our project concentrates on centerless grinding, so when doing background research we 
started with a relationship of centerless grinding and burrs.  This produced very little results.  
Research was conducted on our school library search site, as well as the library catalog, the 
internet scholar search, and articles originally given to us dealing with grinding.  We found very 
little information about our specific type of grinding.  We then moved our efforts onto finding 
previous research done on the variables used in our experiments.  Unfortunately there wasn‟t 
much done on the comparison of feedrate or wheel speed to burr size either.  After exhausting all 
our resources we needed to broaden our background including all grinding types and relating 
certain findings to others findings. 
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Appendix C: 
Operator Issues for Hardness Testing 
 
 When completing tests on hardness testers, much error can come from operators 
themselves.  A hardness tester needs to be set up and operated a certain way or results will be 
skewed.   
 First the workpiece that is being tested must be clean and smooth.  The material might 
need to be polished to get an accurate reading.  The workpiece must be flat on the bottom and top.  
If the bottom of the workpiece is rounded or uneven, when pressure is applied the piece may 
rock or move and an inaccurate number will be produced.  If the top of the workpiece is not flat, 
the indentor will not enter correctly.  The workpiece can be placed on the platform.  For the 
testing of our material, Rockwell C was used.  Spin the wheel clockwise until pointer is in the 
appropriately marked section.  The indentor will slightly penetrate the workpiece.  Push the trip 
lever.  A force will be applied to the workpiece with the indentor driving into it.  The digital 
reader tells you the hardness.  To try and keep accurate numbers, four tests were done on each 
workpiece.  Tests were taken across the piece.  This made sure that the indentor was not close to 
its old penetration.   
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Appendix D:  
Properties of 440 C steel 
 
Mechanical Properties 
Tempering 
Temperature (°C) 
Tensile 
Strength 
(MPa) 
Yield Strength 
0.2% Proof (MPa) 
Elongation 
(% in 
50mm) 
Hardness 
Rockwell (HR 
C) 
Impact 
Charpy V (J) 
Annealed* 758 448 14 269HB max# - 
204 2030 1900 4 59 9 
260 1960 1830 4 57 9 
316 1860 1740 4 56 9 
371 1790 1660 4 56 9 
*Annealed properties are typical for Condtition A of ASTM A276 
# Brinell Hardness is ASTM A276 sepcified maximum for annealed 440A, B, C 
 
Physical Properties for 440 grade stainless steels 
Grade 
Density 
(kg/m3) 
Elastic 
Modulus 
(GPa) 
Mean Coefficient of Thermal 
Expansion (m/m/°C) 
Thermal Conductivity 
(W/m.K) 
Specific 
Heat Electrical 
Resistivity 
(n.m) 0-100°C 0-200°C 0-600°C at 100°C at 500°C 
0-100°C 
(J/kg.K) 
440A/B/C 7650 200 10.1 10.3 11.7 24.2 - 460 600 
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Appendix E: 
Macro Pictures 
 
Workpiece 1 
 
Workpiece 2 
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Workpiece 3 
 
 
Workpiece 4 
 
Workpiece 5 
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Workpiece 6 
 
Workpiece 7 
 
Workpiece 8 
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Workpiece 9 
 
Workpiece 10 
 
Workpiece 11 
 
 
 
53 | P a g e  
 
Workpiece 12 
 
Workpiece 13 
 
Workpiece 14 
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Workpiece 15 
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Appendix F: 
Macro Graphs of Burrs with and without scales 
 
 
Workpiece 1 – Exit burr 
 
   
 
Workpiece 2 – Exit burr 1 
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Workpiece 2 – Exit burr 2 
 
   
 
 
Workpiece 3 – Exit Burr 
 
   
 
Workpiece 4 – Exit Burr 
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Workpiece 5 – Exit Burr 
 
   
 
 
Workpiece 6 – Exit Burr 
 
   
 
 
Workpiece 7 – Exit Burr 
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Workpiece 8 – Exit Burr 
 
   
 
 
Workpiece 9 – Entrance Burr 
 
   
 
 
Workpiece 9 – Exit Burr 
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Workpiece 10 – Exit Burr 
 
   
 
 
Workpiece 11 – Exit Burr 
 
   
 
Workpiece 12 – Exit Burr 
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Workpiece 13 – Exit Burr 
 
   
 
 
Workpiece 14 – Exit Burr 
 
   
 
 
Workpiece 15 – Exit burr 
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Workpiece 16 – Entrance Burr 
 
   
 
 
 
Workpiece 16 – Exit Burr 
 
  
 
 
 
